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I. INTRODUCTION
H IGH-SPEED precision positioning stages play an important role in micro/nano academic research and industrial manufacturing, where a micro/nanometer-scale resolution with motion strokes over tens of millimeters is a big challenge for the applications such as microelectromechanical and biomedical device manufacturing [1] - [5] .
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searchers [6] - [8] . Because of the large deformation and good position recovery ability, shape memory alloy (SMA) actuators were adopted to ensure the fast responses of the positioning systems [9] , [10] . Liang et al. studied the SMA actuator modeling to improve the performance of SMA actuated positioning systems [11] . Riccardi et al. presented the configuration and control of an SMA actuated precision positioning system with a tracking error of 2 μm [12] . The SMA actuated system can provide appropriate performance. However, the accuracy of the SMA actuated systems is limited due to the high-hysteretic behavior of SMA actuators [13] . PZT actuators have been widely used in micro/nano positioning system due to their advantages of large pushing force, nanometer-scale motion resolution, and fast response [14] - [17] . Yao et al. proposed a novel PZT actuated parallel-kinematic mechanisms for an integrated, multiaxis nanopositioning [18] . Qin et al. presented the mechanism design of a decoupled PZT actuated positioning stage [19] . Gu et al. studied the motion control of a piezoelectric positioning stage [20] . Nanometer-scale positioning accuracy can be achieved through PZT actuation. However, the PZT actuators generally generate small motion displacements, making it not suitable to actuate a precision positioning stage targeted for a motion stroke over tens of millimeters [21] - [23] . Electromagnetic actuation is considered to be a good choice for the motion with a stroke of over several millimeters. Linear motors have advantages of fast response, smooth output force, and no stroke limit [24] . As a result, this paper presents the dynamic design of a linear motor driven stage to obtain a large stroke and submicrometer positioning accuracy. To achieve high speed, a flexible decoupling mechanism is designed.
The rest of the paper is organized as follows: Section II introduces the mechanism of the XY micropositioning stage. In Section III, the dynamic modeling of the stage is carried out. In Section IV, the dynamic design and analysis are finished. In Section V, the experiments are presented to investigate the performance of the developed micropositioning stage. Finally, Section VI concludes this paper. motor by bolts. X-axis table is connected with the rotor of Xaxis linear motor. As shown in Fig. 1 (b) , Y-axis table is located above X-axis table, and it is also connected with Y-axis platform through the flexible decoupling mechanism. X-axis readhead system of the grating encoder is installed on the base, and the grating scale of the grating encoder is mounted on the side face of X-axis table. Y-axis readhead system of the grating encoder is fixed on Y-axis table, and the grating scale of the grating encoder is mounted on the side face of Y-axis table.
II. MECHANISM OF THE XY POSITIONING STAGE
The XY stage is directly driven by two linear motors, and a novel flexible decoupling mechanism is designed between the Y-axis platform and the Y-axis table, so that the X-and Y-axes linear motors can be both fixed on the base and the mass and inertia of the motion parts of the XY stage are significantly reduced. Fig. 2(a) shows the flexible decoupling mechanism consisting of the guiding fin, front and back roller bearings, flexure hinges, front and back lapping plates, preloaded connecting rod, front and back shaft, and the preloaded spring. The guiding fin is fixed on the Y-axis platform, and the front lapping plate is fixed on Y-axis table. The preload spring is used to eliminate the clearance between front roller bearing and front lapping plate. X-and Y-axes tables have no relative motion along X-axis. Because of the existence of the decoupling mechanism, Y-axis table can move along X-axis together with X-axis table. 2(b) shows the schematic diagram of the decoupling principle, where F x and F y are the output forces of X-and Yaxes motors, respectively. F 1 is the normal force between the back roller bearing and the back lapping plate. F 2 is the normal force between the front roller bearing and the front lapping plate. f 1 is the friction force between the back roller bearing and the back lapping plate. f 2 is the friction force between the front roller bearing and the front lapping plate. F is the preload force of the preload spring. The Y-axis motor generates a force F y , which will drive the Y-axis table by the flexible decoupling mechanism. When X-axis motor generates a force F x , the Y-axis table will move with X-axis table in X-direction, the front and back roller bearings roll along the front and back lapping plate separately, and thus the motion decoupling of X-and Y-axes is realized.
III. DYNAMIC MODELING OF THE XY POSITIONING STAGE

A. Y-Axis Dynamic Translation Model
Y-axis mechanical system of the positioning stage can be equivalent to a lumped mass spring system as shown in Fig. 3(a) , where k t is the equivalent stiffness of the flexure hinge, k is the stiffness of the preloaded spring, k c is the contact stiffness between the roller bearing and the lapping plate, M y d , M y 1 , M y h , M y 2 , and M y 3 are the masses of the rotor of Y-axis linear motor, platform, guiding fin, back lapping plate and table, respectively, k y 1 and c y 1 are the equivalent stiffness and damping coefficient of the bolt connections between the rotor of linear motor and the platform, respectively, k y 2 and c y 2 are the stiffness and damping coefficient of the bolted connections between the platform and guiding fin, respectively, k g is the electromagnetic stiffness of the linear motor, c y 3 is the damping coefficient between front roller bearing and front lapping plate, c y 4 is the equivalent damping coefficient between back roller bearing and back lapping plate, y 1 is the friction coefficient between the platform and the slider, y 2 is the friction coefficient between the Y-axis table and the slider, y 1 , y 2 , y 3 , y 4 , and y 5 are the Y-axis displacements of the rotor of Y-axis linear motor, platform, guiding fin, back lapping plate and table, respectively, U y is the driving voltage of Y-axis linear motor, R is the equivalent resistance of the linear motor coil, L is the inductor of the motor coil, and i y is the current intensity through the coil.
The relationship between U y and I y can be expressed as
where k e is back electromotive force constant. The relation between the output force and the input current of the Y-axis linear motor can be expressed as
where k b is force constant of the linear motor.
The dynamics of the Y-axis motor-table servomechanism are represented by the following differential equations:
where
B. X-Axis Dynamic Translation Model
X-axis system is equivalent to a lumped mass spring system shown in Fig. 3(b) , where M xd , M x1 , and M x2 are the masses of the rotor of X-axis linear motor, X-axis table, and Y-axis table, respectively, k x1 and c x1 are the equivalent stiffness and damping coefficient of the bolt connections between the rotor of linear motor and X-axis table, respectively, k x2 and c x2 are equivalent contact stiffness and damping coefficient of the cross roller guide between X-and Y-axes tables, respectively, y 1 is the friction coefficient between the X-axis table and the slider, x 1 , x 2 , and x 3 are the displacements of the rotor of X-axis linear motor, X-axis table, and Y-axis table, respectively, U x is the driving voltage of X-axis linear motor, and i x is the current intensity through the coil.
The relationship between U x and i x can be expressed as
The relation between the output force and the input current of the X-axis linear motor can be expressed as
The dynamics of the X-axis motor-table servomechanism are represented by the following differential equations:
where f is the friction of front and back roller bearings to Y-axis table, and it is affected by the Y-axis dynamic load.
The following equations can be obtained:
where F pre is the normal force that front and back roller bearings apply to the front and back lapping plates with only the preload spring working. Since the back roller bearing is in the middle of the preloaded connecting rod F pre = 2F .
C. Dynamic Rotation Along Z-axis
When X-and Y-axes tables move at the same time, Y-axis dynamic load will deviate from the rotation center of Y-axis table. In addition, the frictions f 1 and f 2 also deviate from the rotation center of the Y-axis table. The working table will rotate about Z-axis, affecting the positioning accuracy of the XY stage. Thus, it is necessary to investigate the dynamic rotation of the working table along Z-axis. Fig. 3(c) shows the dynamic rotation model of the XY stage along Z-axis, where I 1 , I 2 , and I 3 are the moments of inertia of the back lapping plate, working table, and X-axis table, respectively, k r 1 is the equivalent rotational stiffness of the flexure hinge, k r 2 and c r 1 are the equivalent rotational stiffness and damping coefficient between X-axis table and working table, respectively, k r 3 and c r 2 are the equivalent rotational stiffness and angle damping coefficient between X-axis table and the base, respectively, M 1 is the moment applied to the back lapping plate, and M 2 is the moment applied to working table.
The dynamic rotation along Z-axis of the XY stage can be expressed as
where ϕ 1 , ϕ 2 , ϕ 3 are the angular displacements of the back lapping plate, working table, and X-axis table, respectively, k r is the rotational stiffness of the flexure hinge, k r 1 = 2k r , M 1 = F 1 x 3 − f 1 l 1 , and
The schematic diagram of the stiffness and damping of the slider is shown in Fig. 4 . If there are 2n spring-damper units on each slider between the table and the slider, the equivalent rotational stiffness and damping coefficient can be calculated as
where K cn and c cn are equivalent contact stiffness and damping coefficient, respectively.
If there are (2n + 1) spring-damper units on each slider between the table and the slider, the equivalent rotational stiffness and damping can be obtained as
Here, 10 (n = 5) spring-damper units are adopted on each slider, and l 0 = 80 mm. The equivalent rotational stiffness and damping coefficient are obtained as According to the working conditions and the motion characteristic parameter requirements, the linear motor can be selected and the dimensions of other components can be determined. The flexure hinges are the elastic components in the overall mechanism and have a great influence on the dynamic performance of the XY stage. The dynamic load and the residual vibrations during high-speed motions and the instant interference generated when X-and Y-axes moves at the same time can be suppressed by the slight deformations of flexure hinges [25] . As a result, dynamic design is carried out considering the flexure hinge parameters.
Here, circular-shaped flexure hinges are adopted. The structure and geometric parameters of the circular-shaped flexure hinge is shown in Fig. 5(a) . The linear compliance of the flexure hinge along X-axis can be calculated as [25] 
where E is the Modulus of elasticity, γ = t/2c and β = t/2r. (2β + β 2 )(1 + β)
The Z-axis rotational stiffness k r = 1 δ r . For circular-shaped flexure hinges, c = l = r. Fig. 5(b) shows the rotational stiffness of the circular-shaped flexure hinge.
IV. DYNAMIC DESIGN AND ANALYSIS
During frequent start-stop motions in X-and Y-axes, there will be dynamic rotations of the working table along Z-axis. The dynamic rotation of the working table is investigated and dynamic design is carried out to ensure the dynamic rotation angle of the working table is within 0.5°during motion process.
It is known from the dynamic rotation model that the rotational stiffness of the flexure hinge has a great effect on the dynamic rotation of the working table along Z-axis. Here, the motion scope of the working table is defined as ±25 mm. When the working table is at the limit position, the moment is the largest, and it is the most likely to rotate. The angular displacements of the back lapping plate and the working table when the working table is at the limit position are analyzed. Fig. 6(a) shows the maximum angular displacements of the working table with different angle stiffness of flexure hinges when the driving voltages in X-and Y-axes are both 20 V and the working table is at the position of x 0 = 25 mm. Fig. 6(b) shows the maximum angular displacements of working table with different angle stiffness of flexure hinges when the driving voltages in X-and Y-axes are both 20 V and the working table is at the position of x 0 = −25 mm. Table I summarizes the parameters of the XY stage. The results show that the angle displacements of the back 
800 800 0.0002 0.0098 lapping plate and the working table decrease with the rotational stiffness increasing, and the maximum angle of the working table decreases rapidly first, and finally fluctuates within a certain range. To achieve good dynamic performance, the maximum angular displacement of the working table should remain within ±0.5° (8.7 μrad) . When the rotational stiffness k r > 180 N/m, the maximum angular displacement of the working table remains less than ±0.5°. The rotational stiffness of the flexure hinge is mainly determined by its geometric parameters. Fig. 7 shows the rotational stiffness of the flexure hinge varying with t and l, where the red 
V. EXPERIMENTS
The XY stage has been manufactured, and it is shown in Fig. 9 , where Parker 310-4N-NC-WD3S-X linear motors, Aries-13-A-E driver, and RENISHAW RGH22 grating encoder were used.
The open-loop dynamic characteristics of the stage were investigated, and the experimental setup is shown in Fig. 10 , where excitation forces were generated by a hammer, and the response signals were collected by a BK4368 acceleration sensor and amplified by a BK2692 amplifier. TJDAS dynamic measurement system was used to collect the excitation forces and the response signals. The transfer function is depicted in Fig. 11 , and the result shows the vibrations occurs at 209 and 453 Hz.
Experiments were carried out to examine the performance of the XY stage with a PID controller which was realized by a Turbo PMAC2 motion control card. A RENISHAW EC10/ML10 laser interferometer was used for the dynamic position measurements. The environmental factors were tested first, and the result shows the displacement noise amplitude was less than ±15 nm.
The step responses with reference displacements of ±25 mm were investigated, and the displacement and velocity are summarized in Fig. 12 . The X-axis setting time was 112 ms, steady state error was 0.5 μm, and velocity could reach up to 0.59 m/s. The Y-axis setting time was 124 ms, steady state error was 0.5 μm, and velocity could reach 0.62 m/s.
The rotation of the XY stage was investigated, and the measurement method is shown in Fig. 13 . Motion ranges of ±25 mm were divided into ten segments in X-and Y-axes, respectively. The displacement of each point was measured by laser displacement sensors and the rotation angles of the stage were calculated. The points of O x and O y were selected as the X-and Y-axes reference points, respectively. For each point, the displacement was measured for five times, and the average displacements were used to calculate the rotation angles. The results were summarized in Table II , and it can be found the rotation angles were within 0.5°. Motion range of ±25 mm was divided into 10 segments by 11 points. When the table moved with a step size of 5 mm, laser interferometer measured the displacement errors of each point, and three motion cycles were operated, and thus six displacement errors were recorded in all at every point. Thus, the positioning accuracy and repeatability of the XY stage can be obtained. The results show that X-axis positioning accuracy was 0.6 μm, and the repeatability was 0.3 μm. Y-axis positioning accuracy was 0.5 μm, and the repeatability was 0.3 μm.
Actual positioning experiments for microelectronic thermosonic bonding were carried out with the aid of a vision system [26] , and the experimental results show that the positioning with submicrometer accuracy within large motion strokes can be accomplished.
VI. CONCLUSION
This paper presents a novel flexure-based kinematically decoupled XY positioning stage directly driven by two linear motors. The mechanism of the XY positioning stage has been introduced first, and the dynamic model of the XY stage has been established. Dynamic design has been carried out, and the result shows that the rotational stiffness of the flexure hinges should be larger than 180 N/m to ensure that the angular displacement of working table was within ±0.5°with the motion stroke form -25 to 25 mm. Finally, the geometric parameters of the flexure hinges were determined. The stage performance was investigated, and the results show that there are vibrations at 209 and 453 Hz. When the reference displacement was 25 mm, X-axis setting time was 112 ms, steady-state error was 0.5 μm, and velocity could reach 0.59 m/s. Y-axis setting time was 124 ms, steady-state error was 0.5 μm and velocity could reach 0.62 m/s. The angular displacements of the working table were less than ±0.5°within the ±25 mm motion stroke. X-axis positioning accuracy was 0.6 μm and the repeatability was 0.3 μm. Y-axis positioning accuracy and repeatability were 0.5 and 0.3 μm, respectively. Submicrometer accuracy positioning within large motion stroke can be accomplished using the developed stage. Compared with the traditional motor driven stages, the developed stages can provide higher positioning accuracy and speed. Compared with the PZT and voice coil motor actuated stages, the developed stage can provide larger motion stroke, and it is easy to increase the motion stroke through increasing the guide length. Because there are frictions and motion gaps between the guides and sliders, higher accuracy is difficult to achieve, so future work can be focused on designing novel air-supported stages to improve the positioning accuracy. We can also carry out some work on the dynamic design and control methodologies of these kinds of high-speed positioning stages [27] , [28] .
